IgA nephropathy (IgAN) represents the most common primary glomerulonephritis worldwide with a prevalence of 25-50% among patients with primary glomerulopathies. In~5-10% of the patients the disease segregates with an autosomal dominant (AD) pattern. Association studies identified loci on chromosomes 1q32, 6p21, 8p23, 17p13, 22q12, whereas classical linkage studies on AD families identified loci on chromosomes 2q36, 4q26-31, 6q22, 17q12-22. We have studied a large Sicilian family where IgAN segregates with an AD transmission. To identify the causal gene, the exomes of two affected and one unaffected individual have been sequenced. From the bioinformatics analysis a p.(Arg119Trp) variant in the SPRY2 gene was identified as the probable disease-causing mutation. Moreover, functional characterization of this variant showed that it is responsible for the inhibition of the MAPK/ERK1/2 pathway. The same effect was observed in two sporadic IgAN patients carriers of wild-type SPRY2, suggesting that downregulation of the MAPK/ERK1/2 pathway represents a common mechanism leading to IgAN.
INTRODUCTION
IgA nephropathy (IgAN) represents the most common primary glomerulonephritis worldwide. 1 The disease is characterized by the deposition of IgA immunocomplexes (IC) onto the renal glomeruli, activating mesangial proliferation and stimulating production of inflammatory cytokines, leading to progressive kidney failure. Although the pathogenesis of this condition is poorly understood, it is likely that kidneys, like in other IC related diseases, represent 'innocent bystanders'. [2] [3] [4] [5] Most IgAN patients are sporadic cases. When familial clustering is found, usually an autosomal dominant (AD) transmission with incomplete penetrance and variable age of onset is observed. Association studies identified distinct loci on chromosomes 6p21, 8p23, 17p13, 22q12, 1q32. 6, 7 On the other hand, classical linkage studies performed on AD families identified additional loci on chromosomes 2q36, 4q26-31, 6q22, 17q12-22, [8] [9] [10] lending further support to the complex etiology and broad genetic heterogeneity of the disease.
In this study an exome sequencing analysis was performed in a large Sicilian family where the disease segregates with an AD mode of inheritance. The analysis of the exome of one unaffected and two affected individuals identified several single nucleotide polymorphisms (SNP) and fewer deletions/insertions polymorphisms (DIP) segregating with the disease. When the segregation analysis of all these variants was extended to the remaining affected members of the family, only one novel missense variant in the SPRY2 gene perfectly segregated with the phenotype in all affected individuals. Functional analysis of the variant in B lymphoblastoid cell lines (LCL) from affected members of this family linked the SPRY2 mutation to inhibition of the MAPK/ERK pathway, ultimately leading to IgA nephropathy. When two LCL were analyzed from two different IgAN sporadic patients, wild type for SPRY2, the same reduced activity of the MAPK/ERK pathway was observed, suggesting that different variants in the same pathway, ultimately leading to the downregulation of the MAPK/ERK pathway, represent one of the causative lesions of IgA nephropathy.
MATERIALS AND METHODS

DNA extraction and exome sequencing
All IgAN patients were recruited from central Italy and from Sicily, after providing their informed consent. All sporadic patients had a diagnosis of IgAN based on an IgA-positive renal biopsy.
Blood samples were collected in lithium heparin and the DNA was extracted using a modified salting out method with a final purification step with phenol/ chloroform. DNA was resuspended in TE buffer. The DNA of individuals II-7, III-23 and IV-44 from the family were sent to the Istituto di Genomica Applicata in Udine for exome sequencing (see Supplementary Appendix). II-7 and IV-44 were chosen because these two individuals were the two more distantly related individuals available when we identified this family.
Mutation analysis by Sanger sequencing
Variants identified by the bioinformatics analysis, after the exome sequencing, were confirmed by Sanger sequencing. In brief, a PCR product containing the identified mutation was performed under standard conditions. Primer sequences will be provided on request. Two and half microliters of each PCR product were purified and sequenced using the BigDye terminator v3.1 Cycle Sequencing Kit (Applied Biosystem, Life Technologies, Carlsbad, CA, USA) in a final volume of 10 μl. The electropherograms were analyzed by the Sequencing Analysis v5.2 software (Applied Biosystem). The c.355C4T SPRY2 variant was submitted to LOVD databases (http://www.lovd.nl/SPRY2 patient ID #25484). Additional methods are described in the Supplementary Methods.
RESULTS
Family study
This IgAN family was identified~10 years ago at the Columbus Hospital of the Catholic University in Rome. The diagnosis was made through a renal biopsy positive for IgA in individuals II-10, III-24 and III-21 ( Figure 1a) . Individuals II-7 and II-10 are currently in end-stage renal disease. All the remaining individuals are still routinely monitored with urine analysis yearly. A clinical summary of this family is described in Supplementary Table S1 .
All individuals indicated with a number provided their DNA and their consent to participate to this study. This study was approved by the bioethical committee of the Catholic University.
In this family IgAN shows an AD transmission without any apparent penetrance defect. We considered definitely affected, even without of a renal biopsy, all individuals with constant proteinuria (41 g/die) or microhaematuria. Microhaematuria was considered positive only when red blood cells had an altered morphology as they were derived from the glomeruli.
Exome sequencing and bioinformatics analysis
To identify the gene responsible for IgAN in this family, the exomes of two distantly related affected individuals (II-7 and IV-44) were sequenced along with the exome of an 'apparently' unaffected individual (III-23, at age 43 has a normal urine analysis without proteinuria or hematuria), to rule out potential benign variants. The first bioinformatics analysis was performed to identify all the mutations shared by the two affected individuals and absent in the unaffected individual, assuming AD transmission (Supplementary  Tables S2 and S3 ).
This analysis identified 59 novel variants (55 SNPs and 4 DIPs within coding regions, including flanking introns) shared by the two affected individuals, but absent in the healthy relative. To identify a variant exclusively associated with the disease phenotype, all 59 mutations were clustered to perform a low-coverage total genome linkage analysis. Forty-six of those variants identified 10 loci on 9 different chromosomes (Supplementary Table S4 Association of MAPK/ERK pathway inhibition with an autosomal dominant form of IgA nephropathyhealthy individuals older than 20 years, including III-23 ( Figure 1a ). This variant has never been reported in any publicly available database such as the 1000genomes and the ESP6500.
To define its pathogenic role, the p.(Arg119Trp) variant was run on different online software (SIFT, PolyPhen2, pMut, Panther, Mutation Taster). All the results clearly point to a pathogenic role for this variant (Table 1) , indicating a non conservative nucleotide change.
Arginine 119 is a conserved amino-acid residue throughout evolution ( Figure 1c ) and is located in the N-terminal region of the protein close to serine 121 that has been shown to be directly phosphorylated by MNK1 kinase. 11 Phosphorylation of serines 112/121 is crucial for the inhibitory interaction with BRAF kinase 12 and to modulate protein degradation by NEDD4. 13 The p.(Arg119Trp) variant was run on NetPhos2.0 software to evaluate the phosphorylation score of different serines around the Arg119Trp variant and the results showed that the presence of tryptophan lowered the phosphorylation score of serine 121 from 0.996 to 0.602 (Figure 2a) , suggesting that this variant, in addition to changing a highly conserved amino-acid residue has also an impact on the consensus sequence of the kinase phosphorylating SPRY2 at position 121.
To identify the biological role of SPRY2 in other cases of IgAN, a mutation analysis was performed on the SPRY2 single coding exon of 70 apparently sporadic cases with IgAN. No additional mutations in this cohort of patients were found, ruling out that SPRY2 mutations represent a common cause of IgAN among sporadic patients. As the c.355C4T variant abrogates a BstUI restriction site, we rapidly screened a cohort of 52 Sicilian controls without finding the T355 allele. This observation confirms that this variant is extremely rare/private. A direct analysis of the SPRY2 cDNA extracted from the LCLs confirmed that this gene is expressed in B cells 14 and the T355 allele is present in transcripts from LCLII7 (data not shown). The same finding was obtained on RNA freshly extracted from white blood cells from individuals II-10, II-7, III-24 and III-26 (data not shown). To investigate the levels of SPRY2 mRNA in LCLs, quantitative real-time PCR was performed on three different RNA preparations. A clear reduction in the amount of SPRY2 transcript was observed in LCLII7 compared with the other cell lines (Figure 2b ). LCLII7 showed the lowest SPRY2 levels among all LCLs investigated, with a statistically significant difference, whereas LCL156 and LCL157 showed a slight reduction. The same reduction of the SPRY2 transcript was also observed in III-26 (a SPRY2 variant carrier) compared with IV-46 (wild type for SPRY2) (Supplementary Figure S1) . In spite of the drastic reduction in mRNA expression, the amount of SPRY2 protein, evaluated by western blot, at the same time points was similar among all cell lines (Figure 2c ). The antibody against SPRY2 recognizes two bands, the upper one corresponding to the phosphorylated protein. 15 No difference in the ratio between the phosphorylated and non-phosphorylated SPRY2 forms was observed in LCLII7 or in other affected individuals from the family.
It could be hypothesized that this variant could have an effect on the stability of the mutated protein. To evaluate the stability of SPRY2 protein the mutated and wild-type SPRY2 cDNA were tagged with MYC and then transfected in HEK293 cells. Forty-eight hours upon transfection, cells were treated with cycloheximide and then harvested at three different time points. The cell lysates were analyzed by western blot and probed for the MYC tag, showing an increased stability of the mutated protein compared with the wild-type protein (Supplementary Figure S2) .
To characterize the LCLs and to show that they could represent a valuable in vitro model to investigate the molecular mechanisms of the disease, a western blot was performed on the whole cell lysate using an anti human IgA antibody. LCLII7 as well as the LCL156 and LCL157 showed increased levels of IgA compared with two wild-type cell lines (Figure 2d ). This finding suggests that increased IgA expression can be considered a marker for the IgAN molecular phenotype in IgAN cell lines. To analyze whether the increased production was caused by expansion of the IgA+ B cells, flow cytometry analysis was performed on LCLII7, LCL156, LCL157 and two LCLWTs. In the control cell lines, surface IgA antibody staining identified two populations (Supplementary Figure S3A) , one IgA+, representing about 1-2% of the total cells, whereas 98-99% were IgA. LCL156 and LCL157 had approximately the same fractions of IgA-positive cells as the two LCLWT, but their mean fluorescence intensity was higher, suggesting that in the two sporadic IgAN patients, the increased amount of IgA was probably caused by an increased IgA expression in the same fraction of the B cells. On the other hand, LCLII7 contained only a single IgA+ population (Supplementary Figure S3B) . Fresh blood samples from III-26, IV-44, IV-45 and IV-46 were stained with an anti-CD19 and anti-IgA antibodies and the fraction of CD19+IgA+ B cells was within the normal range (Supplementary Figure S4) . The apparent increase in IgA+ lymphoblasts in vitro is probably related to the aspecific binding to the B cells of the IgA secreted in the culture media.
An immuno-cytochemical analysis using the anti-SPRY2 antibody did not show significant differences in the localization and intensity of the signal between LCLII7 and the other cell lines (data not shown).
Functional characterization of the SPRY2 pathway SPRY2 is part of the MAPK/ERK pathway, where it has a prevalent role as inhibitor of the ERK1/2 activation through its interaction with the BRAF kinase. 16 To test the biological function of SPRY2 W119 variant, we investigated the MAPK/ERK pathway by western blot in the available cell lines. Because in EBV-transformed B lymphoblasts the ERK1/2 pathway is constitutively active, 17 the level of phosphoERK1/2 (pERK1/2) was directly analyzed. pERK1/2 was hypophosphorylated in all mutation carriers as well as in the LCL156 and LCL157, compared with the control cell lines and to IV-46, negative for SPRY2 mutations (Figures 3a and b) . The finding of reduced pERK1/2 activation in the two other LCLIgAs was intriguing. The most plausible explanation for this finding would be a mutation in one of the genes of the same pathway. This pathway is mutated in cancer 18 and in a group of genetic conditions collectively known as RASopathies, 19 where all the mutations lead to an inappropriate activation of the pathway itself. For this reason a candidate gene analysis was performed in the two LCLIgAs for some of the genes involved in the RASopathies with the goal of identifying a mutation leading to silencing of ERK1/2, but no mutations were found in RAF1 and BRAF genes.
On the basis of what was found in the IgAN family and in two sporadic IgAN patients, a suggestive hypothesis leads to the possibility that ERK1/2 inhibition could be the common lesion in all IgAN cases. Support to this hypothesis is derived from the observation of sudden worsening of kidney function because of the IgA deposits in a patient treated with Sorafenib, 20 an inhibitor of the ERK pathway, as well as other kinases. Therefore, the LCL157 was treated in vitro for 7 days with sorafenib, followed by the assessment of SPRY2 transcript levels, IgA and ERK1/2 phosphorylation. After 3 days lymphoblasts started to die as a probable result of a multiple kinase inhibition. Treatment was maintained until the 7th day. In spite of the reduced cell number and block of protein synthesis 21 IgA production increased, and, as a result of ERK1/2 inhibition, expression of SPRY2 transcript was reduced (Figure 3c ). This finding supports the hypothesis that a block in the MAPK/ERK leads to an increased IgA production.
To see whether the ERK1/2 block has an effect on cell proliferation, the proliferative kinetics was evaluated in all cell lines after a BrdU pulse-chase, but no significant differences were found among the different cell lines (Supplementary Figure S5) .
DISCUSSION
A heterozygous missense variant, p.(Arg119Trp) in the SPRY2 gene was identified in a family with an AD IgAN phenotype. The SPRY2 mutation is the only novel variant found in the chromosome 13 region and is predicted to be pathogenic by bioinformatics analysis. The latter indicated that it falls in a highly conserved amino-acid residue. 
Association of MAPK
The frequency of the W119 allele is estimated to be lower than 1/15 000 as it was not found in dbSNP132, in 52 controls from the same geographic area, and in 1000genomes and ESP6500. All these data combined strongly suggest that the SPRY2 is the gene responsible for the IgAN phenotype in this family.
To confirm the role of SPRY2 in IgAN, the 1000genomes and ESP6500 databases were interrogated looking for SPRY2 missense and null variants and their relative frequency. This search showed that germline null mutations have never been reported in the general population. Moreover, except for two common missense polymorphisms, also found in our cohorts of patients and controls, only 12 missense rare mutations were found in SPRY2 in the ESP6500 database, 3 of which had a frequency of~1/3 000 and 9 of 1/13 000. These observations suggest that this gene is mutation intolerant, and any dosage/functional imbalance could lead to an observable phenotype or early lethality.
To support our conclusions the coding sequence of SPYR2 was also investigated in a cohort of sporadic IgAN patients, from Sicily and central Italy, but no additional mutations were identified. This is not surprising because several linkage and association studies identified several loci for IgAN across the genome, suggesting a strong genetic heterogeneity for this condition. Moreover, these same studies suggest that familial cases and sporadic cases do not share mutations in the same genes, as indicated by the lack of overlap among loci identified in AD families and loci identified in association studies in sporadic patients.
IgA-producing B lymphocytes probably represent the affected tissue lineage in IgAN. SPRY2 is expressed in B cells and in B lymphoblasts, and its relevant role in B lymphocytes is well documented. 14 SPRY2 has a prevalent role as an inhibitor of the MAPK/ERK pathway (Figure 3d ), mostly through its interaction with BRAF, a kinase activated by several receptors with tyrosine kinase activity. SPRY2 transcription is part of a feedback loop, mediated by SPRY2 itself as well as by pERK1/2, which finely modulates/represses the MAPK/ERK pathway activation. 22 SPRY2 is also post-transcriptionally regulated by serine and tyrosine phosphorylation. Several studies have shown that serine at positions 112 and 121 are important for its inhibitory interaction, when de-phosphorylated, with BRAF. 12 Instead, serine 112/121 phosphorylation releases the inhibitory block of BRAF and consequently leads to SPRY2 ubiquitination and degradation. 12 The W119 variant not only affects a highly conserved amino-acid residue, but it is located in the recognition sequence, RXS, of MNK1, one of the SPRY2 kinases, suggesting that its presence is associated with S121 hypophosphorylation. As a consequence, mutated SPRY2 could be Figure S2 , and lock BRAF in an inactive form. This inhibition in turn could block MAPK/ ERK activation. 22 This hypothesis was verified showing that in EBVtransformed B LCL ERK1/2 is hypo-phosphorylated in SPRY2 variant carriers and normal in the only family member, who tested negative for the variant. Moreover, as mentioned above, pERK1/2 is a strong transcriptional activator of SPRY2, 20, 23, 24 whereas its block causes SPRY2 transcriptional silencing. This tight transcriptional feedback explains the strong reduction observed in SPRY2 transcript, without apparent reduction in the protein levels.
Usually the MAPK/ERK pathway is found activated in cancer and in errors of development. For this reason it was surprising to find that it is downregulated in EBV-transformed immortal cell lines from IgAN patients. This finding implies that lack of activation or permanent inhibition of the MAPK/ERK pathway could be the final pathway where different mutations converge in different patients with IgAN.
Three clinical reports 25 provide support to this hypothesis: these concerned two patients treated with EGFR inhibitors (cetuximab and gefitinib) and one patient treated with sorafenib, who showed a marked worsening of their kidney function because of IgA deposits. This very rare complication for cetuximab, gefitinib and sorafenib has never been reported during clinical trials and it is probably related to the fact that the drug triggered or exacerbated a latent IgAN, already present in those patients, by blocking the MAPK/ERK pathway. The same phenotype was reproduced in vitro treating LCL157 with sorafenib for 7 days showing an increase in the amount of IgA produced.
How the inhibition of the MAPK/ERK causes the IgAN phenotype is still unknown. Except for hypo-galactosylated IgA, also present in the normal population, there are no clear pathogenic mechanisms for this disease. The LCLs carrying a SPRY2 mutation and LCL156/157 cell lines shared two common characteristics: ERK1/2 reduced phosphorylation and an increased IgA production. These two phenotypes were inversely correlated, as the lower was the phosphorylation level of ERK1/2 the higher was IgA production. For this reason it will be pivotal to investigate the role of the MAPK/ERK pathway in a more physiological setting in B lymphocytes and to verify whether increased local IgA production consequent to MAPK/ERK blockage leads to IgA nephropathy in a larger cohort of IgAN patients.
